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ABSTRACT 
Sharon Jiang: Comparison of antibiotic-resistant Staphylococcus aureus among industrial hog 
operation households and community referent households in North Carolina  
(Under the direction of Jill Stewart) 
 
Carriage of livestock-associated Staphylococcus aureus has been reported among 
industrial hog operation workers in North Carolina, and these bacteria may be more likely to be 
antibiotic-resistant than hospital-associated or community-associated S. aureus. This study used 
antibiotic susceptibility testing to determine whether livestock workers and their households are 
at greater risk of carrying antibiotic-resistant S. aureus than other non-exposed members of the 
community. Kirby-Bauer disk diffusion assays were performed on S. aureus from 167 industrial 
hog operation household members, including 104 adults and 63 children, and 159 non-exposed 
community, or community referent, household members, including 97 adults and 62 children. 
The prevalence of multidrug-resistant S. aureus from industrial hog operation children was 1.9 
that of industrial hog operation adults and 1.7 that of community referent children (95%CI [1.3, 
2.9], p=0.001; 95% CI [1.1, 2.7], p=0.02). Methicillin-resistant S. aureus (MRSA) prevalence in 
industrial hog operation children was 5.1 that of adults from the same group (95% CI [1.8, 14], 
p=0.0006). The prevalence of tetracycline-resistant S. aureus from industrial hog operation 
adults was 4.3 that of children from the same group (95% CI [1.5,12], p=0.003). These results 
demonstrate more significant differences in antibiotic-resistant S. aureus within industrial hog 
operations households rather than between the two household groups. Additional research is 
needed to determine if these strains pose a health risk to workers, their children and the broader 
community.  
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CHAPTER 1: INTRODUCTION 
Staphylococcus aureus is an opportunistically-pathogenic, gram-positive bacterium that 
naturally colonizes the nasal cavities of animals and humans. S. aureus is often found as the 
cause of post-operative wound and skin infections. In 1961, methicillin-resistant S. aureus 
(MRSA) strains appeared in hospitals. Since then, US health care facilities have seen a gradual 
increase in MRSA infection, with fatalities surpassing the combined annual mortality of AIDS, 
tuberculosis, and viral hepatitis (Boucher and Corey 2008). Treating a resistant infection can cost 
an additional $3,800 per patient compared to treating a non-resistant infection (Cosgrove et al. 
2005). Now, reports of S. aureus strains originally from livestock are rising. Since 2001, human 
MRSA cases linked to livestock-associated MRSA (LA-MRSA) have increased, such as in The 
Netherlands where up to a quarter of all MRSA cases in affected areas are livestock-related 
(Price et al. 2012). 
In the US, LA-MRSA has its main reservoirs in hog, poultry, and cattle operations where 
antibiotic use is not stringently regulated or monitored. US food animal industries provide their 
animals with free-choice medicated feeds (FCMFs), feeds that contain antibiotics, anti-parasitics, 
and insecticides. FCMFs are considered “free-choice” because the food animals choose how 
much they want to eat. This can lead to imprecise doses, as overeating may lead to drug residues 
in meat and milk and under-eating may lead to unintentional selection for antibiotic-resistant 
bacteria (Love et al. 2011). These regular low-level dosages, also called subtherapeutic dosages, 
create a selective pressure for resistant bacteria and likely perpetuate a reservoir of resistance 
genes among bacteria in food animals (Love et al. 2011). A common antibiotic that may be 
found in FCMFs is tetracycline. Tetracycline has been used in US food animal production for 
non-therapeutic purposes like growth promotion, with about 5.6 million pounds sold and 
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distributed in 2011 (Feinman and Matheson 1978). Additionally, some antibiotics used for 
human treatment are also given to food animals, increasing the risk of disseminating bacterial 
resistance genes into the public (Feinman and Matheson 1978).  
Carriage of LA-MRSA has been reported among industrial livestock operation workers in 
southeastern North Carolina (NC) (Rinsky et al. 2013). It is unknown whether these workers and 
their household members, especially children under the age of seven who may be vulnerable due 
to their underdeveloped immune systems, are at greater risk of carrying antibiotic-resistant S. 
aureus, including MRSA and multidrug-resistant S. aureus (MDRSA). Therefore, the purpose of 
the study is to compare the antibiotic susceptibility patterns among S. aureus isolates from two 
exposure groups in NC: industrial hog operation (IHO) households including workers and 
children, and community referent (CR) households including workers and children. This is the 
first study in the US to measure children’s carriage of LA-MRSA and the first to investigate 
exposure to antibiotic-resistant S. aureus in individuals living near, but not working in, IHOs. 
The findings of this study may provide insight on whether current antibiotic practices in 
industrial livestock operations contribute to the dissemination of antibiotic-resistant S. aureus in 
households and the surrounding community. Determining the prevalence of antibiotic-resistant S. 
aureus within these communities helps guide future research about any related health and 
economic risks. 
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LITERATURE REVIEW 
Staphylococcus aureus and the development of antibiotic resistance 
First discovered in the 1880s, skin and wound infections from S. aureus, a gram-positive 
bacterium, had a mortality rate of eighty percent before the use of antibiotics. The first penicillin-
resistant strain was isolated in a hospital in 1942, and twenty years later most strains were 
resistant to penicillin, demonstrating the rapidity of developing antibiotic resistance (ABR) 
(Deurenberg and Stobberingh 2008). Resistance to methicillin by S. aureus was discovered two 
years after the introduction of methicillin treatment (Deurenberg and Stobberingh 2008). Another 
kind of antibiotic resistance in S. aureus is tetracycline resistance, which is often observed in 
livestock-associated S. aureus. In a study of historical isolates, the tetracycline resistance gene 
tet(M) was found among ninety-nine percent of isolates from livestock and was absent from 
isolates from humans (Price et al. 2012). However, tetracycline resistance alone is not enough to 
characterize an isolate as livestock-associated. Some S. aureus strains are also multidrug-
resistant. Multidrug-resistant S. aureus (MDRSA) that are also classified as MRSA are more 
difficult to treat, as non-ß-lactam antibiotics normally used to treat MRSA may not be effective 
against multidrug-resistant MRSA.  Available literature on multidrug-resistant S. aureus and 
tetracycline-resistant S. aureus is sparse and limited. Thus, this review will mainly concentrate 
on the growing knowledge of livestock-associated MRSA in the US and around the world. 
S. aureus has been documented to gain or change resistance patterns while adapting to a 
new host species or while colonizing a host. For example, MRSA clonal complex (CC) 398 is 
hypothesized to have acquired the Staphylococcal cassette chromosome mec (SCCmec) when it 
evolved from human MSSA. In one study of LA-MRSA and its relevance to humans, the authors 
compiled a list and noted that most clonal complexes and lineages of MRSA appear in human 
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hosts rather than animal hosts. It was hypothesized that humans are the preferred host of most 
MRSA lineages (Cuny et al. 2013). This is supported by the fact that the next preferred hosts, 
livestock animals such as pigs, cattle, and chickens, have direct contact with many human 
workers over an extended period of time. Although four out of thirteen complexes colonized or 
infected pigs, none of the thirteen affected wild boars. This finding rules out the possibility that 
these MRSA complexes are endemic to hog species (Cuny et al. 2013). While humans may be 
the preferred host for most MRSA strains, many LA-MRSA infections in humans are less 
virulent due to the loss of many virulence genetic factors. LA-MRSA strains are also often 
resistant to different types of antibiotics than HA- or CA-MRSA strains.   
MRSA in the healthcare and community setting 
Human MRSA is often grouped into three categories: hospital-associated (or health care-
associated), community associated, and hospital-associated with community onset. Hospital-
associated MRSA (HA-MRSA) has spread worldwide along with community-associated MRSA 
(CA-MRSA) strains, which first appeared in communities but later also became endemic in 
hospital settings (Deurenberg and Stobberingh 2008). More recently, a fourth category has been 
added for human MRSA cases linked to livestock-associated MRSA (LA-MRSA).  
In recent health care settings, reports of CA-MRSA infections have increased while the 
distinctions between HA-MRSA and CA-MRSA have blurred. CA-MRSA strains may have a 
growth advantage over HA-MSRA strains (Gordon and Lowy 2008). Strains that cause these 
infections carry SCCmec IV and sometimes SCCmecV, the smallest SCCs that confer methicillin 
resistance. While strains with SCCmecIV or SCCmecV are generally susceptible to some non-ß-
lactam antibiotics, there have also been instances of MRSA that also falls under the category of 
MDRSA which carry larger SCCmec types (Gordon and Lowy 2008). 
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Typing methods 
There is not yet a universal, definite checklist of phenotypic and molecular markers to 
define LA-MRSA. The literature consensus that exists agrees that a mix of approved phenotypic 
and molecular methods is important when characterizing LA-MRSA isolates. 
Phenotypic antibiotic susceptibility testing can be an effective and relatively inexpensive 
method of identifying presumptive LA-MRSA. In one study, LA-MRSA isolates were verified 
by phenotypic tetracycline resistance (Rinsky et al. 2013). However, phenotypic tetracycline 
resistance alone is not enough to determine whether a strain is LA-MRSA since tetracycline is in 
an antibiotic class used for humans and livestock. Molecular typing methods, such as by 
polymerase chain reaction (PCR) and Sanger sequencing, are needed to confirm and identify the 
MRSA sequence type. In the Rinsky et al. study, researchers characterized LA-MRSA isolates as 
those that showed the correct phenotypic marker (tetracycline resistance) as well as the absence 
of scn, a bacteriophage-encoded immune evasion cluster which was determined using PCR 
(2013). 
A regular pulsed-field electrophoresis (PFGE) test alone cannot identify LA-MRSA 
because of its lower discriminatory power compared to more modern techniques. One of the 
reasons some LA-MRSA strains are non-typeable with a regular PFGE is due to the methylated 
SmaI recognition site (Bosch et al. 2013). This may be overcome by running a PFGE with 
restriction enzyme Cfr9I. (Bosch et al. 2013). LA-MRSA may also be typed using the 
staphylococcal protein A (spa)-typing technique or the multiple-locus variable number of tandem 
repeat analysis (MLVA).  However, results from spa-typing and MLVA aren’t able to 
confidently distinguish between different strains of LA-MRSA.  
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More recently, the application of molecular analysis has been better able to identify LA-
MRSA isolates. SCCmec typing can be done using PCR-based methods developed in the last 
decade. A multiplex PCR assay can detect mecA and SCCmec type I to IV, and several PCR 
assays can reveal the structure of the mec complex. The disadvantage to these SCCmec typing 
procedures is that they analyze different structural properties of SCCmec where a universal assay 
would be more advantageous (Deurenberg and Stobberingh 2008). Whole genome mapping 
(WGM) provides a high resolution map of the whole genome of an isolate, unlike spa-typing and 
MLVA. WGM can be used to not only characterize defined LA-MRSA strains but also identify 
transmission and mutation events of these strains from their ancestors. In a WGM typing 
experiment done by Bosch et al. (2013) LA-MRSA isolates were considered of the same strain 
when they had a similarity of ninety-eight percent or higher, allowing for the presence and 
absence of transposable genetic elements. Because of WGM’s superior discriminatory power 
over spa-typing and MLVA, this method facilitates discrimination of isolates associated with 
outbreaks (Bosch et al. 2013).  Thus far, whole genome sequencing (WGS) is considered to be 
the best typing method for typing and distinguishing strains as LA-MRSA. WGS information can 
also be used to infer phylogenetic relationships and population arrangements, unlike WGM. It 
takes less time to complete like WGM, but has so far only been used in retrospective 
investigations rather than real time transmission events and outbreaks (Bosch et al. 2013). 
Antibiotic resistance in livestock 
It is possible that resistance genes in LA-MRSA are a result of selective pressure from 
subtherapeutic antibiotic use in livestock production. Use of FCMFs can lead to unintentional 
selection for antibiotic-resistant bacteria. For example, tetracycline resistance is a common 
characteristic in livestock-associated S. aureus because of the extensive use of tetracycline and 
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its derivatives for growth promotion purposes (Feinman and Matheson 1978). Additionally, 
some antibiotics used for human treatment are also given to food animals, such as penicillin and 
tetracycline, increasing the risk of disseminating bacterial resistance genes into the public 
(Feinman and Matheson 1978, 2011 Summary… 2013 ). 
MRSA in animals causes similar skin and soft tissue infections as in humans. Risk factors 
for infection include the characteristics of antibiotic treatment regimens, the number of animal 
hospitalization days, the medical interventions done while hospitalized, and the contact with 
previously-hospitalized humans (cited by Verkade et al. 2014). Recent phenotype research 
revealed that some LA-MRSA isolates have no host specificity (Cuny et al. 2013). Despite this, 
it is still practical to distinguish genotypes by their epidemiological origin. By doing so, 
researchers and healthcare workers within the US can infer the types of antibiotics to which a 
strain is resistant since antibiotics used among livestock and among humans are regulated and 
sometimes separated in the US (Rinsky et al. 2013). 
Among livestock, MRSA is efficiently spread by vertical perinatal transmission. MRSA 
can be very prevalent in the hog industry; in one study, it was found in seventy percent of pigs 
(cited by Smith et al. 2013). In a pig colonization study, a vaginally-inoculated pregnant sow 
resulted in persistent carriage in all newborn piglets while nasal and gastrointestinal inoculation 
of MRSA-negative young piglets led to unstable carriage. Thus, horizontal transmission leads to 
less stable MRSA carriage, although MRSA-negative pigs have been shown to acquire strains in 
a MRSA-positive environment. More recently, rodents have been hypothesized to be potential 
transmission vectors of MRSA ST398 (Moodley et al. 2011).  
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MRSA CC398 is the dominant livestock-associated MRSA around the world. CC398 
surged through hog industries in The Netherlands the early 2000’s (Graveland et al. 2011). 
CC398 is also the most studied livestock-associated S. aureus strain to date, with many strain 
studies concentrating in European countries (Cuny et al 2013, Wulf et al. 2008). Phylogenetic 
studies on MRSA CC398 suggest that it descended from human-originated methicillin-
susceptible S. aureus (MSSA). MSSA CC398 contains a human immune evasion gene cluster 
that facilitates resistance from the human immune response. However, this gene cluster is usually 
absent in MRSA CC398 and was likely lost once MSSA CC398 left the human host and entered 
pigs and other livestock (Cuny et al. 2013). Other virulence factors like enterotoxins and phage-
encoded toxins are also absent in CC398. The absence of these virulence-associated genetic 
factors has limited the human transmissibility of CC398. The average length of stay at the 
hospital for CC398 patients is more than five days shorter than non-CC398 MRSA patients. 
Additionally, the number of patients requiring intensive care is decreased by five percent and the 
length of stay in intensive care unit is decreased by about three days (Köck et al. 2011).  
There is much less information on livestock-associated ABR in US livestock than 
European ones. European studies on LA-MRSA are more numerous and informative. For 
example, German conventional farming systems have discovered the colonization of livestock-
associated MRSA in up to eighty-six percent of workers occupationally exposed to pigs with 
MRSA (Cuny et al. 2013). European researchers are able to access much more detailed data such 
as the specific concentrations of antibiotic administered to the animals of interest (Levy 2014). 
Some US companies consider this kind of information as classified trade secrets due to 
biosecurity and confidentiality obligations (2011 Summary… 2013). Thus, US studies are more 
limited in scope and use convenience sampling in the absence of formal random sampling 
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opportunities. Currently, the only publicly available data in the US are market data consisting of 
sales figures for the total amounts of antibiotics used for the entire American livestock industry 
(Levy 2014). Because of the lack of access to data from industrial livestock operations, there is 
much uncertainty concerning LA-MRSA in the US, especially in the swine industry (Smith et al. 
2013).  
Mechanisms of transmission of livestock-associated MRSA 
The majority of animal-to-human transmissions occur between livestock in intensive 
farming systems and workers who are regularly exposed in their occupational setting. LA-MRSA 
seems to have reduced persistence in human colonization (Cuny et al. 2013). However, 
colonization and persistence seem to depend on the frequency, intensity, and duration of animal 
contact (Graveland et al. 2011). In one study, tetracycline resistance was found in people 
working on a farm within three to five months of introducing tetracycline to chickens on the farm 
(Levy et al. 1976). Additionally, colonization of livestock workers seems to remain stable during 
and after a period of absence from work, when contact with animals is momentarily halted (Köck 
et al. 2012). This is possibly due to continued exposure to LA-MRSA from the air and soil near a 
conventional farm (Schulz et al. 2012). LA-MRSA has also been detected in the nasal cavities of 
veterinarians. There is a concern that livestock veterinarians travelling between farms may 
contribute to the spread of LA-MRSA among livestock and humans. In many cases, nasal cavity 
samples from veterinarians suggest that they may be colonized by more than one strain of LA-
MRSA, giving the strains an opportunity to exchange genetic elements with other S. aureus 
strains and pass on ABR (Bosch et al. 2013). Generally, LA-MRSA in humans is less prevalent 
in alternative farms where livestock numbers are lower than conventional farms and antibiotic 
use is limited (Cuny et al. 2013).  
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LA-MRSA found in meat and dairy products raises concern of transmission by ingestion. 
Infections via meat and milk consumption are rare, especially when following proper food 
handling techniques (Love et al. 2011). Furthermore, detection of LA-MRSA in meat was 
reported from laboratory enrichment cultures only, signifying low quantity contaminations that 
may not be adequate for human colonization (Kluytmans 2010). Practicing good hygienic 
techniques while preparing and cooking food is likely adequate to prevent LA-MRSA 
transmission while handling meat and dairy. More research on indirect transmission has focused 
on LA-MRSA’s ability to persist in the environment, such as in soil or on surfaces, and its 
limited capability of spreading among humans. 
Livestock-associated antibiotic-resistant bacteria can be detected downwind of industrial 
food animal production facilities, specifically in conventional farm exhaust air and on soil up to 
300 meters downwind (Schulz et al. 2012).  A northern Germany study suggested that humans 
living near conventional farms may be colonized at low frequencies through private farm visits 
or touching contaminated surfaces near farms (Bisdorff et al. 2012). However, more research is 
necessary to determine whether the MRSA-positive residents acquired strains via environment or 
via family members who work with livestock. LA-MRSA is generally rare in hospitals outside of 
regions with a high density of livestock production farms. Data from sixty-two Dutch hospitals 
concluded that LA-MRSA was 4.4 times less likely than other MRSA genotypes to spread in a 
hospital setting (Hetem et al. 2013).  
Human-to-human transmission of LA-MRSA appears extremely rare to date. This is most 
likely due to the absence of the human immune evasion gene cluster, but it may also be due to 
the milder transmissible characteristics of LA-MRSA in humans. While most LA-MRSA strains 
are resistant to antibiotics used in the livestock production process, two isolates have been 
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discovered, one from a human and one from a pig, that are resistant to linezolid, a human-only 
synthetic antibiotic (Cuny et al. 2013). Additionally, some antibiotics used for humans are also 
given to food animals, increasing the risk of disseminating bacterial resistance genes that can 
affect the public (Feinman and Matheson 1978, 2011 Summary… 2013). There is growing 
concern for the potential public health and economic burden should a multidrug-resistant strain 
acquire virulence factors while adapting from livestock to humans.  
Antibiotic policies in the American livestock industry 
Although ABR has been documented in the US livestock industry since the late 1970s, 
US policy on antibiotic use has long been stalled by critics calling for more science-based 
evidence (Collins et al. 2013). The US Food and Drug Administration (FDA) policy statements 
addressing apprehension regarding food animal antibiotic use have had a history of strong 
opposition from the livestock industry, veterinary pharmaceutical manufacturers, and industry-
hired researchers (Love et al. 2011). In the US, industry groups have had strong influence on 
regulatory policies of antibiotics for food animal production. The Generic Animal Drug and 
Patent Term Restoration Act of 1988 (GADPTRA) amended the Food, Drug, and Cosmetic Act 
to allow shortened applications for the approval of new animal drugs and therefore expedited the 
drug approval process for many FCMFs. Additionally, the amendment allowed patent extension 
for all animal drugs (Generic… 2009). The Animal Medicinal Drug Use Clarification Act 
(AMDUCA) of 1994 was also an amendment to the Food, Drug, and Cosmetic Act to allow 
veterinarians to prescribe drugs without approved labeling when animal health or well-being is 
threatened (Animal… 2014). Because the approved labeling process for new drugs is so costly 
and time consuming, AMDUCA provides flexibility in the Food, Drug, and Cosmetic Act that 
20 
 
benefits the food animal industry. However, this means that in cases where there is no animal-
labeled antibiotic available, the use of a human-intended antibiotic is acceptable.  
Quality control requirements for animal-use antibiotics are much less stringent than those 
for human-use. As a result of cross-contamination, feeds labeled as non-medicated can 
sometimes contain antimicrobials, and feeds labeled as medicated may contain undeclared 
antibiotics (Love et al. 2011). Because of the considerable influence industries have in US, they 
have not been held accountable for ensuring public health or transparent data collection and 
availability (Sorensen et al. 2014). The Government Accountability Office reported that data 
from tracking antibiotic use and resistance in agriculture lacks “crucial details necessary to 
examine trends” (Carroll 2014). 
While Congress has taken steps to decrease antibiotic overuse in humans through 
amendments to the Public Health Service Act, it has not yet addressed overuse in agriculture 
(Collins et al. 2013). This is true despite the high use of antibiotics in food animal production. In 
2011, the FDA reported that 13.8 million kilograms of antibiotics were sold for food animal 
production, with tetracyclines accounting for 42% of domestic sales (2011 Summary… 2013). 
The FDA regulates therapeutic and non-therapeutic animal drugs, both types include antibiotics. 
Both types can also be sold without veterinary prescription as free-choice medicated feeds (Love 
et al. 2011). In 2003, the FDA released the first voluntary guidelines for industry on reducing 
ABR in animals. Since then, there have been five guidelines issued with the most recent one in 
2013 which dissuades the use of antibiotics that are medically important to human health, 
advocates phasing antibiotics from production uses, and calls for increased veterinary oversight 
within three years (New… 2013). However, legislative efforts that have been approved by 
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Congress have less stringent requirements due to industry pressure and reluctance to omit 
antibiotics in food animal production.  
In 2003, the FDA modified the drug approval process for antibiotics to include ABR 
development as an aspect of safety, but a majority of antibiotics currently used in food animal 
production for nontherapeutic purposes, such as growth promotion, had already been approved 
for use and the FDA has not created a schedule for reviewing existing approvals (Collins et al. 
2013). In the past decade, there have been fourteen bills introduced to Congress relating to 
antibiotic use. Five of the fourteen addressed agricultural antibiotic use. Only one of the five was 
signed into law (U.S.… 2014). However that bill, the US Farm Bill, did not stipulate any 
changes in antibiotic use in the food animal industry (U.S…. 2014).  
There are four bills that have been referred to Congressional committees since 2004 that 
aim to fill the void of missing food animal ABR legislation: The Preservation of Antibiotics for 
Medical Treatment Act (PAMTA), the Safe Meat and Poultry Act, the Delivering Antimicrobial 
Transparency in Animals (DATA) Act, and the Preventing Antibiotic Resistance Act of 2013 
(PARA) (U.S….2014). PARA, perhaps the most ambitious piece of the four, would require 
pharmaceutical manufacturers and food animal producers to demonstrate that the antibiotics they 
use are to treat diseases rather than to promote growth, placing the burden of proof on industry 
rather than agency (Feinstein… 2013). PARA calls for the FDA to begin the phased elimination 
of human antibiotics from the food animal industry. It also aims to stop the practice of 
subtherapeutic dosages in food animals (Collins et al. 2013). PARA is supported by “more than 
375 public, consumer, and environmental health groups, including the American Medical 
Association, the American Public Health Association, and the Infectious Diseases Society of 
America” (Feinstein… 2013). In September 2014, the Obama administration demonstrated its 
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support for continuing the national ABR conversation by releasing a national strategy for curbing 
ABR (Carroll 2014). Renewed concern combined with decades of supporting research and 
reports and growing public awareness and concern may give PARA an edge in Congress over 
previous ABR legislative efforts. 
Public health significance 
The Infectious Diseases Society of America (IDSA) supports efforts to stop the use of 
antibiotics for nontherapeutic purposes to prevent epidemics of untreatable antibiotic-resistant 
infections (IDSA 2009). While most of the current fatalities are related to several virulent strains 
circulating among humans, there are a growing number of cases of non-fatal infections from LA 
bacteria (Price et al. 2012). These LA bacteria can be obtained through direct contact, contact 
from an environment contaminated with animal waste, and handling or eating contaminated food 
products (Love et al. 2011). There are concerns of the emergence of more virulent antibiotic-
resistant LA bacteria from the antibiotic practices of many food animal companies. The 
development of new antibiotics to treat such infections has not been a priority due to the focus on 
more profitable areas of research and development.  
A few human isolates of LA-MRSA have reportedly acquired virulence genes, such as 
the gene coding for Panton-Valentine leucocidin, demonstrating the ability to pick up virulence 
factors (Wulf et al. 2008).  Because of this, it is likely that the sooner the US can eliminate non-
therapeutic antibiotics in livestock production, the more effective such an act would be to protect 
the US public from LA-ABR. Understanding the weaknesses of past livestock antibiotic policies 
helps not only to strengthen new ones but also to identify areas that require more research in 
order to strengthen new legislation. In addition to antibiotic regulation, further research into 
transmission routes and potential vulnerable populations, such as children, is necessary in order 
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to control transmission. A collaborative effort among researchers, industry, and government is 
necessary to prevent the dissemination of antibiotic-resistant S. aureus in the community.  
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OBJECTIVE 
The objective of the study was to compare the antibiotic susceptibility patterns among S. 
aureus isolated from two exposure groups in NC: industrial hog operation (IHO) households and 
non-exposed community, or community referent (CR), households.  This lab-based study was 
part of a larger community-based epidemiological investigation of S. aureus carriage among IHO 
workers, community referent workers and children under seven living in the same households as 
these workers.  The larger study focuses on risk factors for S. aureus carriage and includes more 
detailed strain typing and characterization of the bacteria that were isolated.  This study 
specifically focuses on evaluating patterns of antibiotic susceptibility among isolates confirmed 
as S. aureus. 
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CHAPTER 2: MATERIALS AND METHODS 
The study participants were part of a larger community-based cross-sectional study to 
investigate the characteristics of S. aureus from IHO workers, community referent workers, and 
children under seven living in the same households as these workers. Participants were recruited 
using a snowball sampling approach where research participants were asked to assist researchers 
in identifying other potential subjects (Snowball… 2010). In total, 198 IHO households and 202 
CR households from NC were involved in the study. All participating households were located in 
the top ten hog-producing counties in NC and had at least one child under seven living in the 
same household as the adult worker. Every IHO household consisted of one adult who had 
worked full time for at least three months prior to study enrollment at an IHO and a child under 
seven living in the same household. Every CR household included an adult who had not worked 
at an industrial livestock facility, operation, or related plant for at least a year and a child under 
seven living in the same household. Households with anyone working in a healthcare or daycare 
setting were excluded. For the IHO group, households with workers who had occupational 
contact with animals other than hogs were excluded. Demographic characteristics of all study 
participants, adult and children, are found in Tables 1 and 2, respectively. 
Nasal swabs were collected from all study participants. Swabs were immersed and 
vortexed in a phosphate buffered saline and pipetted onto CHROMagar
TM 
(BD BBL
TM
), a S. 
aureus specific media. Up to two presumptive S. aureus colonies per swab were archived at -
80°C in brain-heart infusion broth with 15% glycerol to wait characterization. Archived isolates 
were confirmed S. aureus by morphology on Baird-Parker agar, biochemical testing for the 
production of catalase, and molecular confirmation by PCR. 
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This study assessed all S. aureus isolates for susceptibility to sixteen antibiotics from a 
panel of twelve antibiotic classes (Table 3). The S. aureus-positive study population consists of 
104 IHO adults, 97 IHO children, 63 CR adults, and 62 CR children. The Kirby-Bauer disk 
diffusion method was used to evaluate the susceptibility of each isolate to the sixteen antibiotics. 
The Clinical and Laboratory Standards Institute guidelines from manufacturer inserts were used 
to interpret zone diameters from disk diffusion according to manufacturer instructions. Induced 
clindamycin resistance in erythromycin-resistant isolates was identified by the presence of a D-
zone (Steward et al. 2005). Isolates were phenotypically categorized as MRSA by complete 
oxacillin resistance and complete or intermediate ceftriaxone resistance. These phenotypic 
MRSA isolates were confirmed using a multiplex PCR assay that detected the presence of the 
mecA gene. Isolates that demonstrated complete or intermediate resistance to tetracycline were 
categorized as tetracycline-resistant. Tetracycline-resistant isolates were considered possibly 
livestock-associated, as further confirmation of livestock association requires molecular 
methods. Isolates that demonstrated complete or intermediate resistance to three or more 
antibiotic classes were categorized as MDRSA.  
In this study, the exposures assessed were identification as an IHO adult, and IHO child, 
a CR adult, and a CR child. Outcome variables assessed were presence and absence of MDRSA, 
presence and absence of MRSA, presence and absence of tetracycline resistance, presence and 
absence of resistance to an antibiotic class for human and livestock treatment, and presence and 
absence of resistance to an antibiotic class for human use only. Statistical analyses were 
performed using Microsoft Excel (Redmond, Washington) and Epi Info
TM
 7 (Atlanta, Georgia). 
Tabular analyses were calculated in Microsoft Excel and confirmed using Epi Info. Prevalence 
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(risk) ratios, 95% confidence intervals (CI), and p-values were calculated from these tabular 
analyses. The p-values presented are two-tailed Fisher exact p-values calculated using Epi Info.  
  The epidemiological study including genetic typing and antibiotic susceptibility testing 
were reviewed and approved by Johns Hopkins School of Public Health Institutional Review 
Board (IRB Study # 13-2854).  The UNC non-biomedical IRB then reviewed the application and 
agreed that we could rely on the external, Johns Hopkins IRB for this research.  All samples 
were de-identified prior to antibiotic susceptibility testing, with swabs and isolates only 
identified by an isolate identification number where no participant identities could be directly or 
indirectly inferred. 
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CHAPTER 3: RESULTS 
Among child participants, MDRSA was detected in 45 of 97 (46%) IHO children and 17 
of 62 (27%) CR children (Figure 1). Among adult participants, MDRSA was detected in 25 of 
104 (24%) IHO adults and 17 of 63 (27%) CR adults (Figure 1). The prevalence of MDRSA in 
IHO children was 1.9 that of IHO adults and 1.7 that of CR children (95%CI [1.3, 2.9], p=0.001; 
95% CI [1.1, 2.7], p=0.02).  
The prevalence of MRSA is 4 of 104 (3.9%) in IHO adults and 7 of 63 (11%) in 
CR adults (Figure 2). Among child participants, the prevalence of MRSA was between 
19 and 20% for both study groups (Figure 2). The prevalence of MRSA in IHO children 
is 5.1 that of IHO adults (95% CI [1.8, 14], p=0.0006). The difference between the 
prevalence of MRSA among CR adults and children was not found to be significant. 
The prevalence of tetracycline resistance was 17% among IHO adults, 7.9% 
among CR adults, and between 4.0 and 5.0% for children of both groups (Figure 3). The 
prevalence of tetracycline resistance in IHO adults was 4.2 that of IHO children (95% CI 
[1.5,12], p=0.003).  
For all study participants, 97% had at least one S. aureus isolate resistant to one or more 
antibiotics from a class used in both humans and livestock. However, resistance to at least one 
antibiotic class used only for humans was less than 3.0% for all IHO and CR participant groups 
(Figure 4). Complete or intermediate resistance was observed to all antibiotic classes except 
oxazolidone and sulfanomide which are categorized as human-use only classes. 
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CHAPTER 4: DISCUSSION 
Overall, prevalence of MRSA was greater in all study participant groups than the 
national average (2%), especially among children (General… 2013). Because the national 
prevalence is not known, this study cannot confirm whether the levels of MDRSA and 
tetracycline-resistant S. aureus can also be considered as high within IHO and CR 
households. A study by Levy et al. looked at tetracycline-resistant bacteria from human 
stool samples after the introduction of tetracycline into chicken feed regarded a 
prevalence of greater than twenty percent as elevated (Levy et al. 1976). All tetracycline-
resistant prevalences found by this study were below twenty percent, but this study 
focused on tetracycline-resistant S. aureus rather than tetracycline-resistant bacteria in 
general. However, the difference of tetracycline-resistant S. aureus between industrial 
hog operation and community referent households agrees with the difference of 
tetracycline-resistant bacteria between farm and neighbor families found by Levy et al 
(1976). 
In this study, the IHO children demonstrated a greater prevalence of MDRSA 
than the CR children and the IHO adults. This suggests that children under seven in IHO 
households may be at greater risk of MDRSA carriage than their CR and adult 
counterparts, and supports concerns that children under seven are a vulnerable population 
to MDRSA. Additionally, this study found a higher prevalence of MRSA in IHO children 
than adults, also indicating that IHO children under seven could be a vulnerable 
population to MRSA. Prevalence of tetracycline resistance, unlike MDRSA and MRSA, 
was significantly greater among IHO adults than IHO children. It is possible that children 
obtain MDRSA and MRSA from multiple sources besides adult livestock workers such 
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as daycares or schools, known risk factors for MRSA carriage (General… 2013). 
Identifying potential health risks of MDRSA and MRSA to IHO children requires further 
investigation. 
The main limitation to this study is general lack of access to IHO information. For 
example, this study would have been able to better infer the origins of detected antibiotic-
resistant S. aureus with S. aureus samples from the animals living in industrial hog 
operations or from the production facilities. In the US, such information is not available 
to researchers. Outside of the US, especially in Europe, researchers have relatively free 
access to livestock operations to develop their knowledge on exposure of antibiotic-
resistant S. aureus among workers (Cuny et al. 2013, Levy 2014). Although our study 
lacked such information, our findings of high prevalence of antibiotic-resistant S. aureus 
agree with a similar European study (Cuny et al. 2013). Recruiting study participants via 
snowball sampling limits the generalizability of our results, as demographic and 
geographic characteristics could not be controlled. However, the snowball sampling 
method led to the enrollment of many individuals working at IHOs despite the lack of 
access to IHO employment rosters.  
Further investigation into risk factors for carriage of antibiotic resistant S. aureus is 
beyond the scope of this thesis and would require modification of the existing IRBs to allow 
access to sensitive information including participant identifications and survey responses. 
Instead, the scope of this thesis is to evaluate levels of antibiotic resistance.  Potential 
confounding and effect measure modification to improve the analysis of our findings will be 
conducted by PhD student Sarah Hatcher and others. Continued studies should expand the 
characteristics of the exposure group to include education status, pet ownership status, pet type, 
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recent antibiotic use, and sport and gym participation. Including these characteristics can identify 
other means of antibiotic-resistant S. aureus transmission among adults and children of both 
household groups to reduce confounding. Further investigation should also include geospatial 
analysis of all study participants to continue the exploration of the dissemination and 
concentrations of antibiotic-resistant S. aureus with respect to IHOs, and to explore potential 
routes of environmental transmission. 
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CHAPTER 5: CONCLUSION 
Prevalence of MRSA was greater among children than adults of both types of 
studied households. This supports the concern that children under seven years are a 
vulnerable population to antibiotic-resistant S. aureus due to their underdeveloped 
immune systems. Also supporting this concern is the prevalence of MDRSA among IHO 
children which was greatest when compared to IHO adults, CR adults, and CR children. 
The significantly higher prevalence of MDRSA in IHO children may be due to living 
with an adult who experiences occupational livestock exposure.  
Overall, this study found high prevalences of MRSA and presumptively high 
prevalences of MDRSA within both IHO and CR households. Additionally, this study 
found more significant differences of antibiotic-resistant S. aureus within households 
rather than between households. Confirming whether MDRSA and tetracycline-resistance 
prevalences are elevated requires national population statistics which are currently 
unavailable. Further research is needed to understand why children in these communities 
near IHOs experience a high prevalence of MDRSA and MRSA but a low prevalence of 
tetracycline resistance compared to their adult counterparts. Because this study examined 
carriage and not persistence of antibiotic-resistant S. aureus, further research should 
focus on whether these high prevalences of MDRSA and MRSA in these communities 
persist or lead to potential elevated health risks.  
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TABLES AND FIGURES 
Table 1. Distribution of demographic characteristics among all 
adult (≥ 18 years) study participants by exposure group. 
 
 
 
  
n % n %
ADULTS
198 202
18-27 47 23.7 108 53.5
28-37 88 44.4 62 30.7
28-47 42 21.2 24 11.9
≥47 21 10.6 8 4.0
198 202
Male 107 54.0 41 20.3
Female 91 46.0 161 79.7
198 202
White 0 0.0 8 4.0
Black 12 6.1 125 61.9
Hispanic 185 93.4 66 32.7
Multi-racial 1 0.5 3 1.5
Industrial hog 
operation (IHO)
Community 
referent (CR)
Age
Gender
Race/Ethnicity
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Table 2. Distribution of demographic characteristics among all 
child (< 7 years) study participants by exposure group. 
 
  
n % n %
CHILDREN
198 202
0-2 32 16.2 75 37.1
3-5 116 58.6 100 49.5
6-7 50 25.3 27 13.4
Gender 198 202
123 62.1 90 44.6
Female 75 37.9 112 55.4
Race/Ethnicity 198 202
0 0.0 3 1.5
Black 11 5.6 122 60.4
Hispanic 186 93.9 65 32.2
Multi-racial 1 0.5 12 5.9
Industrial hog 
operation (IHO)
Community 
referent (CR)
Age
Male
White
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Table 3. Antibiotics by class used in Kirby-Bauer susceptibility testing 
Antibiotic class Antibiotic Concentration  Code Use 
Aminoglycoside Gentamicin 10 μg GM10 
Human and 
livestock 
β-lactam 
Ampicillin 10 μg AM10 
Oxacillin 1 μg OX1 
Penicillin 10 U P10 
Cephalosporin Ceftriaxone 30 μg CRO30 
Fluoroquinolone 
Ciprofloxacin 5 μg CIP5 
Gatifloxacin 5 μg GAT5 
Levofloxacin 5 μg LVX5 
Lincosamide Clindamycin 2 μg CC2 
Macrolide Erythromycin 15 μg E15 
Tetracycline Tetracycline 30 μg TE30 
Nitrofuran Nitrofurantoin 300 μg F300 
Human only 
Oxazolidone Linezolid 30 μg LZD30 
Rifamycin Rifampin 5 μg RA5 
Streptogramin Quinupristin/Dalfopristin 15 μg SYN15 
Sulfanomide Trimethoprim/Sulfamethoxazole 23.75/1.25 μg SXT 
Concentrations from BD BBL
TM
 Sensi-Disc
TM
 Antimicrobial Susceptibility Test Discs (Sparks, Maryland) 
insert. Use information from 2011 Summary Report on Antimicrobials Sold or Distributed in Use in 
Food-Producing Animals (2011 Summary… 2013). 
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Figure 1. Prevalence of multidrug-resistant Staphylococcus aureus (MDRSA) among industrial 
hog operation (IHO) (n = 167) and community referent (CR) (n = 159) participants. 
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Figure 2. Prevalence of methicillin-resistant Staphylococcus aureus (MRSA) among industrial 
hog operation (IHO) (n = 167) and community referent (CR) (n = 159) participants. 
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Figure 3. Prevalence of tetracycline-resistant Staphylococcus aureus among industrial hog 
operation (IHO) (n = 167) and community referent (CR) (n = 159) participants. 
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Figure 4. Prevalence of resistance by use among Staphylococcus aureus from industrial hog 
operation (IHO) (n = 167) and community referent (CR) (n = 159) participants. 
 
